ABSTRACT Mother-to-child transmission (MTCT) of HIV provides a setting for studying immune correlates of protection. Neutralizing antibodies (NAbs) are suggested to contribute to a viral bottleneck during MTCT, but their role in blocking transmission is unclear, as studies comparing the NAb sensitivities of maternal viruses have yielded disparate results. We sought to determine whether transmitting mothers differ from nontransmitting mothers in the ability to neutralize individual autologous virus variants present at transmission. Ten transmitting and 10 nontransmitting HIV-infected mothers at high risk of MTCT were included in this study. Full-length HIV envelope genes (n ‫؍‬ 100) were cloned from peripheral blood mononuclear cells obtained near transmission from transmitting mothers and at similar time points from nontransmitting mothers. Envelope clones were tested as pseudoviruses against contemporaneous, autologous maternal plasma in neutralization assays. The association between transmission and the log 2 50% inhibitory concentration (IC 50 ) for multiple virus variants per mother was estimated by using logistic regression with clustered standard errors. Results of these studies have varied, perhaps because of differences in methods. Importantly, studies often used cultured viruses and samples from time points outside the window of transmission, which could confound findings. Here, we considered the role of maternal NAbs against individual maternal virus variants near the time of transmission. We found no evidence that NAbs are associated with protection from infection. In fact, depending on the cutoff used to define neutralization resistance, we found evidence that nontransmitting mothers have more neutralization-resistant virus variants. These results suggest that lack of virus transmission in the early breastfeeding period is not simply due to an absence of maternal neutralization escape variants and likely includes multiple factors.
T he development of an effective HIV-specific neutralizing antibody (NAb) response remains a major goal of HIV vaccine research. As a proof of concept, NAbs have been shown to protect nonhuman primates against a simian/human immunodeficiency virus challenge (reviewed in references 1 to 3). In these studies, however, the passively administered antibodies were known to potently neutralize the challenge virus and thus did not take into account whether protection would occur with viruses that exhibit a range of neutralization sensitivities. Additionally, these studies used viruses that were adapted in culture and in animals, which are not representative of infectious viruses circulating in human populations (2) . In humans, where HIV antigenic diversity is ex-tensive, it has been challenging to address the role of NAbs in protection and, to date, there is limited direct evidence that NAbs can prevent HIV infection in humans.
Mother-to-child transmission (MTCT) provides another setting in which to examine the humoral immune correlates of protection, as infants receive antibodies from their mothers while in utero. Because HIV-infected mothers and their infants are monitored closely during the pre-and postnatal periods, timing of infant infection can be accurately determined and relevant immune correlates at the time of transmission can be studied in the mother and infant. In the absence of any intervention, only about 30 to 45% of infants become infected despite ample virus exposure (including postpartum through breastfeeding), suggesting that there may be a protective immune factor on the maternal or infant side (reviewed in reference 4).
In MTCT, there is evidence that NAbs contribute to an observed bottleneck for the viruses that are transmitted. Infants are typically infected with a single viral variant, and these variants have been shown to be more resistant to maternal plasma neutralization than maternal virus variants are in a number of studies (5) (6) (7) (8) . Accordingly, the role of maternal NAbs in preventing virus transmission has been directly assayed but results have varied. While some studies have observed a protective effect of maternal NAbs (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , others have seen no association (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) , and a few have observed an increased risk of transmission in mothers with higher NAb titers (30, 31) . The variation in these results may be due to differences in methodology, including the viruses tested (primary versus lab-adapted, heterologous versus autologous), timing of sampling and whether it was near the time of transmission (versus before or after), and availability of key clinical data that could influence NAb responses (e.g., timing of infant infection and maternal viral load) (32) .
Several of these divergent studies specifically focused on maternal antibodies and their ability to neutralize autologous virus, which, by analogy to nonhuman primate vaccine protection studies, provides a measure of the protective efficacy of the antibodies against the "challenge" virus. In the MTCT studies, a primary isolate derived from short-term passage of maternal virus in culture was used to measure autologous NAb activity. These studies therefore considered the overall neutralization sensitivity of the maternal virus population but not the range of susceptibilities of individual variants, which may be more relevant if the bottleneck observed during MTCT is driven by selection for an escape variant. If NAbs are selecting for transmission of viruses that cannot be effectively neutralized by maternal antibodies, then nontransmitting mothers may have fewer of these resistant viruses and, hence, have a lower risk of transmission. Neutralization-resistant viruses may be challenging to detect when examining overall virus population sensitivity, and thus, a more relevant measure to consider is the neutralization properties of individual virus variants.
Only one study to date has examined individual virus variants to directly address the question of whether or not nontransmitting mothers tend to have fewer viruses resistant to maternal NAbs than transmitting mothers do. In that study, Baan et al. cloned individual virus variants from seven transmitting and four nontransmitting mothers and tested these viruses against autologous maternal plasma (31). The authors reported the somewhat unexpected finding that transmitting mothers tended to have viruses that were more sensitive to neutralization than those that nontransmitting mothers had. That study, however, examined maternal viruses obtained after transmission occurred in four of the seven transmitting mothers. In addition, the maternal plasma samples used for neutralization assays were often not contemporaneous to either the time of transmission or the time the viruses were cloned, adding more complexity to the interpretation of these findings. As antibodies and viruses evolve over the course of infection, the viruses and antibodies present after transmission may not be representative of the maternal viruses and immune responses present at transmission. A more relevant study would be to compare viruses and plasma from the same time point close to the time that transmission is estimated to have occurred.
In this study, we examined the role of maternal NAbs against contemporaneous maternal virus in transmitting and nontransmitting mothers by using samples obtained near the time of transmission (just prior to when infant infection was first detected) from transmitting women and at similar time points from nontransmitting women. We focused on women with high viral loads, who were thus at high risk of HIV transmission, and women whose infants were HIV negative at birth, which allowed us to identify relevant samples near transmission. Overall, maternal autologous NAb responses were not associated with transmission. Similarly, depending on what plasma dilution cutoff was used for analysis, nontransmitting mothers had numbers of neutralization-resistant viruses similar to or greater than those of transmitting mothers. Overall, these results suggest that the presence of virus resistant to antibody neutralization in the mother does not determine the infant infection outcome.
RESULTS

Cohort characteristics.
Ten nontransmitting and 10 transmitting mothers were chosen from the Nairobi Breastfeeding Clinical Trial for this study (Table 1) . Mothers were chosen if they had a high viral load and breastfed for at least 3 months and were therefore at risk of transmission during the early breastfeeding period. To ensure that we could sample virus and antibodies near the time of transmission, only mothers whose infants were HIV DNA negative at birth and regularly screened for infection after birth were included in this study. Plasma samples and peripheral blood mononuclear cells (PBMCs) from transmitting women for envelope cloning were chosen from the same visit, just prior to the time that infants were first detected as positive. Similar time points were chosen for nontransmitting mothers.
The 20 women had a median plasma HIV load of 5.07 log 10 copies/ml, a median CD4 cell count of 360/mm 3 , and a median duration of breastfeeding of 13.5 months. Viral loads did not differ between nontransmitting women and transmitting women (5.09 log 10 copies/ml versus 5.06 log 10 copies/ml; P ϭ 0.88). Duration of breastfeeding (15.5 months versus 8.79 months; P ϭ 0.36) and CD4 cell count (360/mm 3 versus 342.5/mm 3 ; P ϭ 0.93) also did not differ between nontransmitting and transmitting mothers. All of the infants of the 10 transmitting mothers were HIV DNA negative at birth and first detected as HIV infected at either 6 (n ϭ 9) or 14 (n ϭ 1) weeks of age. For nine of the infected infants, RNA samples were also available from birth and were negative for HIV RNA, suggesting that transmission occurred very late in gestation, during delivery, or very early in the breastfeeding period. Thus, the maternal time point analyzed, which was typically at 32 weeks of gestation or at birth (range, 30th week of gestation to 3 weeks after birth) was within approximately a month of when transmission occurred.
Envelope clones. From each mother, five functional fulllength gp160 envelope clones were obtained and are shown in neighbor-joining trees for nontransmitting ( Fig. 1A ) and transmitting (Fig. 1B ) mothers. For each mother, the HIV envelope sequence diversity was calculated by using the maximum pairwise distance ( Table 1 ). The maximum pairwise distance ranged from 0.87 to 6.22%. There was no difference in the median maximum pairwise distance between nontransmitting and transmitting women (2.89 versus 3.34%; P ϭ 0.65).
Maternal virus subtypes were determined from full-length envelope sequences. Seven nontransmitting mothers and six transmitting mothers were infected with subtype A viruses (13/20 mothers; 65%). The remaining mothers were infected with subtype C (n ϭ 1) subtype D (n ϭ 2), or recombinant forms (n ϭ 4).
Neutralization assay results. To determine the impact of maternal autologous NAbs near the time of transmission on transmission risk, the envelope clones were tested against contemporaneous plasma in a TZM-bl neutralization assay. Transmitting and nontransmitting maternal viruses displayed a range of neutralization sensitivities (50% inhibitory concentration [IC 50 ] range, 25 to 1,600; Fig. 2A ). Overall, the median IC 50 for nontransmitting mothers was 243 (interquartile range [IQR] , 95 to 594), which was lower than the median IC 50 for transmitting mothers of 317 (IQR, 202 to 521). In a logistic regression analysis with clustered standard errors to account for intrawoman correlation, autologous NAb activity was not associated with transmission (odds ratio, 1.25; P ϭ 0.30). When tested against autologous plasma at a 1:50 starting dilution, nontransmitting and transmitting mothers had similar numbers of neutralization-resistant viruses (estimated IC 50 ϭ 25) (6 versus 2%; P ϭ 0.31; Fig. 2B ). As the NAb concentration required to protect against infection has not been clearly established, and as plasma dilutions as low as approximately 1:100 to 1:200 have been associated with protection in nonhuman primate studies (33, 34) , we also considered the percentage of neutralization-resistant viruses with average IC 50 s of Ͻ100 and Ͻ200. At these cutoffs, nontransmitting mothers had significantly higher percentages of neutralization-resistant virus variants than transmitting mothers did (P ϭ 0.038 for IC 50 s of Ͻ100 and P ϭ 0.040 for IC 50 s of Ͻ200; Fig. 2B ).
DISCUSSION
In this study, we compared the autologous NAb responses of transmitting and nontransmitting mothers to maternal envelope variants. We specifically focused on testing contemporaneous antibody and envelope variants just prior to when HIV DNA and RNA were first detected in infected infants to ensure that the measured responses were the most relevant NAb responses at the time of transmission. Importantly, we also included only breastfeeding mothers with high viral loads whose infants were HIV negative at birth. By restricting our analyses to these mothers, we focused on the women at highest risk of transmission for whom we could accurately estimate the timing of transmission and thus analyzed samples that were most relevant to the immune responses at transmission. Overall, we observed that there was no statistically signif- icant difference in maternal autologous NAb responses between transmitting and nontransmitting mothers and that transmitting mothers had numbers of neutralization-resistant viruses similar to or lower than those of nontransmitting mothers. In total, 100 functional envelope variants were cloned by single-copy PCR from the 20 women (five envelope variants per woman). These envelope clones displayed a range of neutralization sensitivities against contemporaneous autologous plasma. Transmitting women had slightly higher IC 50 s, suggesting that their viruses were more sensitive overall than those of nontransmitting mothers; however, this difference was not statistically significant. These data suggest that autologous NAbs are not a major correlate of protection from transmission. With only 10 women in each group, our power to detect a true difference may have been limited, despite our testing of five virus variants from each mother. However, the observation of higher IC 50 s in transmitting mothers than in nontransmitting mothers makes our hypothesis that transmitting mothers have weaker NAb responses (more resistant viruses) less likely. Similar to our results, a number of older studies using primary isolates to assess the overall neutralization sensitivity of the virus population observed no difference in the titers of NAbs against autologous virus and the risk of transmission (10, 13, 21-24, 27). However, other studies using similar methods did report higher levels of autologous NAbs in nontransmitting mothers (7, 8, 11, 12) . It is important to note that such studies give an overall view of neutralization sensitivity or resistance of all viruses in the population, but they do not directly address the question of whether transmitting mothers have more individual neutralization-resistant variants that could escape NAb pressure.
Given that a number of studies (including one from the Nairobi Breastfeeding Clinical Trial) have suggested that NAbs contribute to the virus bottleneck observed in MTCT (5-8), we originally hypothesized that nontransmitting mothers may harbor mostly neutralization-sensitive variants and that resistant variants would be rarer in these mothers than in transmitting mothers. However, we observed similar numbers of viruses that were resistant to neutralization at the highest plasma concentration tested (1:50 dilution) in both transmitters and nontransmitters. Surprisingly, nontransmitting mothers had more viruses that were resistant to neutralization at a range of plasma dilutions (1:100 and 1:200) than did transmitting mothers, with a significant difference observed at both cutoffs. These observations, coupled with the findings of slightly higher IC 50 s in the transmitting women than in the nontransmitting women, do not support our original hypothesis that nontransmitting mothers harbor fewer neutralizationresistant viruses. Indeed, they are consistent with the one prior small study (11 women, 23 viruses) that also examined individual viral variants from transmitting and nontransmitting women and observed significantly stronger NAb responses in transmitting mothers (31) . The basis for the differences in these findings, suggesting high NAb levels in transmitting mothers when examining individual viral variants cloned directly from mothers compared to findings suggesting the opposite from studies with cultured virus populations, is unclear. It is possible that culturing perturbed the virus population. While short-term culture retains most of the dominant variants (35) , the precise culturing methods were often not fully described and longer-term culture could distort the virus population. Given the results presented here, these discrepant findings highlight the need for larger studies that include analyses of both individual virus variants and virus populations using well-timed samples near transmission, especially given the interest in the use of monoclonal NAbs for MTCT.
While this study is the largest analysis to date of contemporaneous autologous NAb responses in transmitting and nontransmitting mothers against individual maternal virus variants, it does present some potential limitations. First, the timing and method of infant infection are estimated from the regular sampling and testing of infant samples. Of the 10 infected infants, 9 were HIV RNA negative at birth (the 10th infant did not have a plasma sample from birth available to test), suggesting that infection occurred late in utero, during delivery, or in the early breastfeeding period. On the basis of results from the original Nairobi Breastfeeding Clinical Trial cohort, which compared breastfeeding and formula-feeding mothers, there was a great increase in infections during the first 6 weeks after birth in the breastfeeding arm but not in the formula-feeding arm (36) , suggesting that the majority of transmissions in the 10 mother-infant pairs here occurred via breastfeeding. Therefore, choosing maternal samples from late pregnancy or the early breastfeeding period before the infant was detected as HIV positive is most relevant to when infant infection occurred. Additionally, because breastfeeding samples were limited, we cloned from PBMC samples. The most comprehensive studies comparing breast milk-and PBMC-derived viruses suggest that there is intermingling of viruses in blood and breast milk (37, 38) . Thus, the viruses cloned from blood are likely representative of those found and transmitted via breast milk. Finally, the HIV quasispecies is quite large and diverse in any given individual, making it difficult to clone and test all of the functional variants for each mother. The choice of five variants per mother used here is a greater number than what previous studies have used when looking at individual variants (31) . Furthermore, the fact that we could detect functional neutralization-resistant virus variants in nontransmitting mothers within this sampling supports our conclusion that the presence of neutralization-resistant variants is not what drives transmission.
Overall, we present here the largest study to date of contemporaneous autologous NAb responses against individual maternal virus variants in transmitting and nontransmitting mothers. An important aspect of this study was our focus on the virus variants 50 of an individual envelope variant tested against contemporaneous autologous plasma. Data are shown as raw IC 50 s on a log 2 scale; black bars represent medians and IQRs, and the dotted line represents an IC 50 of 25 (resistant to neutralization at a 1:50 dilution). The P value is based on logistic regression with clustered standard errors using log 2 -transformed data. (B) Percentages of virus variants with IC 50 s below the detection limit, which we defined as the midpoint between 0 and the lowest dilution tested (IC 50 , 25); IC 50 s of Ͻ100; and IC 50 s of Ͻ200 for nontransmitting (black) and transmitting (gray) mothers. The P values were determined by t tests comparing the proportions of neutralization-resistant viruses of transmitting and nontransmitting mothers at the IC 50 s shown. and antibodies present close to the time of transmission. Our results show that transmitting and nontransmitting mothers harbor a mixture of mostly neutralization-sensitive viruses and have similar overall neutralization IC 50 s. Remarkably, even women at high risk of transmission (based on high viral loads) had relatively neutralization-resistant variants within their virus population and yet did not transmit the virus to their infants. These results suggest that the presence of neutralization escape variants does not fully predict MTCT and that transmission risk likely includes multiple factors, perhaps including selective pressure to transmit escape variants when other conditions are favorable for infection.
MATERIALS AND METHODS
Study design. Samples for this study were from the Nairobi Breastfeeding Clinical Trial, which was conducted in the mid-1990s in Kenya (36) . For the study presented here, mothers were included on the basis of the following criteria: (i) a high plasma viral load of Ͼ4.6 log 10 copies/ml (the overall cohort median [39] ), (ii) breastfeeding for Ն3 months, (iii) an infant that was HIV DNA negative at birth, and (iv) a maternal sample that was available near the time of transmission (or at a similar time point for the nontransmitting mothers). On the basis of these criteria, 10 nontransmitting mothers and 9 transmitting mothers were chosen for this study. One transmitting mother (ML035) with a viral load slightly lighter than the cohort median (4.26 log 10 copies/ml) was also included, for a total of 10 transmitting mothers. The ethical review committee of the Kenyatta National Hospital Institutional Review Board, the Institutional Review Board of the University of Washington, and the Institutional Review Board of the Fred Hutchinson Cancer Research Center gave permission to conduct the Nairobi Breastfeeding Clinical Trial.
Envelope cloning and pseudovirus generation. Envelope clones were already available for MF535 from a previous study (5) . In the other 19 mothers, full-length (gp160) envelope genes were cloned from DNA isolated from uncultured PBMCs. DNA was extracted with Qiagen's QIAamp Blood minikit according to the manufacturer's protocol. The number of HIV copies present in the PBMC DNA was determined with a pol real-time PCR assay (40) . DNA templates were diluted to approximately single copy on the basis of the real-time PCR quantification, and envelope genes were amplified with a nested PCR outlined elsewhere (5). The following primers were used. For the first round, we used vpr1 (5= G ATAGATGGAACAAGCCCCAG 3=) and nef24 (5= TACTTGTGATTGC TCCAT GT 3=) mixed in an equal molar ratio with nef34 (5= TACTTGT GACTGCTCCATGT 3=). For the second round, we used primers vpr21a1 (5= TAACCTAGACGCGTGGAATCACCCGGGAAGTCAGCCTACAAC ACCTTGTA 3=) and vpr21a2 (5= TAACCTAGACGCGTGGAATCACCC GGGAAGCCGGCCTACAACACCTTGTA 3=) and primers nef60a1 (5= CTTGTGGCGGCCGCATGTTTATCTAAATCTCGAGATACTGCTCC TACTCCTGGTGCTG 3=) and nef60a2 (5= CTTGTGGCGGCCGCATGT TTAGCTAAATCTCGAGATACTGCTCCTACTCCTGGTGCT 3=) in equal molar ratios. PCR products were cloned into either pcDNA3.1/V5-His-Topo or pCI-Neo (Invitrogen).
To generate pseudoviruses capable of one round of infection, plasmids containing the maternal HIV envelopes were cotransfected with a second plasmid containing a subtype A env-deficient HIV genome (Q23⌬env) (41) . The infectivity of pseudotyped viruses was screened by single-round infection of TZM-bl cells. Functional, infectious envelopes obtained from separate PCRs (five per woman) were sequenced and used for neutralization studies.
Neutralization assays. Functional pseudoviruses were tested in neutralization assays against contemporaneous autologous maternal plasma as previously described (5, 42) . Briefly, pseudovirus titers were first determined with a single-round infection of TZM-bl cells by directly counting ␤-galactosidase-positive "blue" cells at 48 h postinfection. Serial dilutions of heat-inactivated maternal plasma were incubated with 500 infectious pseudovirus particles in a total volume of 50 l at 37°C for 60 min. Maternal plasma dilutions started at 1:50. Subsequently, TZM-bl cells (1 ϫ 10 4 in 100 l of Dulbecco's modified Eagle's medium) were added to virus-antibody mixtures. Forty-eight hours postinfection, ␤-galactosidase levels were measured with the Galacto-Light system (Applied Biosystems). Percent neutralization was calculated as the percent reduction of ␤-galactosidase activity compared to virus without any patient plasma. The reciprocal plasma dilution that resulted in 50% inhibition of virus infection was determined from a dose-response curve. Each virus was run twice in duplicate with the corresponding maternal plasma. Additionally, each maternal plasma sample was tested against simian immunodeficiency virus to ensure that background neutralization was below the limit of detection. If the IC 50 s from the two runs differed by more than 2-fold, a third assay was run (in duplicate) and all of the results were averaged. Neutralization IC 50 s less than the lowest dilution tested (1:50) were set at the midpoint between 0 and the lowest dilution (25) . Viruses that did not display 50% inhibition at the highest dilution tested (1:1,600) were assigned an IC 50 of the highest dilution (1,600) .
Phylogenetic analysis. The nucleotide sequences of all infectious envelopes were determined by Sanger sequencing. Full-length maternal envelope sequences were aligned with MacClade version 4.01. Alignments were manually edited to remove variable regions that could not be unambiguously aligned. Neighbor-joining phylogenetic trees using pairwise distance, based on a general time-reversible model, were made with PAUP* 4.0b10. Reference sequences for subtypes A, C, and K were accessed from the Los Alamos National Laboratory HIV database (http:// www.hiv.lanl.gov), and the unrelated subtype K sequence was used as an outgroup. Virus subtypes, based on full-length envelope sequences, were determined by the phylogenetic trees and the NCBI genotyping tool (http://www.ncbi.nlm.nih.gov/projects/genotyping/formpage.cgi). For each mother, an alignment of the five envelope clones was made to determine the percent maximum pairwise distance in PAUP.
Statistical analyses. Clinical characteristics (viral load, CD4 cell count, duration of breastfeeding) of transmitting and nontransmitting mothers were compared by Mann-Whitney U tests. Percent maximum pairwise distances of envelope clones for transmitting and nontransmitting mothers were also compared by a Mann-Whitney U test. For analyses, IC 50 s were log 2 transformed, as plasma samples were diluted 2-fold in neutralization assays. The log 2 IC 50 s of nontransmitting and transmitting mothers were compared by using a logistic regression with clustered standard errors to account for intrawoman correlation. A two-tailed t test with Welch's correction was used to compare the proportions of neutralization-resistant viruses in transmitting and nontransmitting women.
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